Two distinct AISI type 316 stainless steels, of Brazilian and Swedish origins, were compared regarding their creep fracture mechanisms at 600, 700 and 800°C. The possible mechanisms associated with the creep fracture strength were identified by means of fracture maps proposed either by Ashby and collaborators or by Miller and Langdon. Experimental creep results were consistent with the general Ashby and collaborators map for face centered cubic alloys. By contrast, the two different 316 steel displayed significant differences in the model-based map of Miller and Langdon. In the present work, changes in the maps frontier are proposed as well as the introduction of a new field in the map related to grain boundary precipitation. These propositions allowed the Miller and Langdon map to be coherent with the experimental creep fracture results of both 316 stainless steels.
Introduction
Structural applications of AISI type 316 austenitic stainless steel (316 steel for short) at high temperatures in nuclear reactors [1] [2] [3] [4] , normally involve constant load conditions. Under such conditions, plastic strains are continuously being accumulated in the well-known creep process 5 . Unless the steel components are replaced, the accumulation of strain with time accelerates towards the so-called stage III creep until fracture occurs. Creep fracture is the result of a rupture process involving mechanisms of nucleation, growth and interconnection of cavities and pores followed by crack formation and propagation 6 . These are the typical fracture mechanisms before final failure in ductile materials like the 316 steel subjected to long time high temperature conditions. In general, three basic types of damages may occur: high plasticity p dimples (microcavities); wedge w cavities, lenticular r cavities and pores. In short time creep, p dimples predominate in association with transgranular fracture. In long time creep, which is the usual situation for industrial applications, both w and r cavities predominate in association with intergranular fracture. Each of these initial processes of creep fracture in ductile alloys become the controlling mechanism depending on the stress, temperature and strain rate. They can be visualized in stress versus temperature maps. Ashby et al. 7 proposed an experimental map, while Miller and Langdon 8 proposed a model-based map for fracture. Both maps 7, 8 are limited in the validity to interpret creep fracture because of simplified hypothesis in their construction. Moreover, the degree of practical advantage in using a map by an industrial sector will depend on its ability to describe the correct time t f up to fracture. If one can predict the total time to fracture of a component operating under creep conditions, then it is possible to promote preventive maintenance with the purpose of replacing the component.
The experimental map of Ashby et al. 7 was constructed from a large amount of data obtained in creep tests in which the dominant fracture mechanism is identified by optical (OM) and scanning electron (SEM) microscopies. The corresponding stress/temperature field is established for each mechanism. Boundaries between different fields are then estimated.
The model-based map of Miller and Langdon 8 was constructed by considering the constitutive equations corresponding to the distinct creep fracture mechanisms. The field of a dominant mechanism, operating independently, is associated with the stress versus temperature locus, where t f , is lower than those of other possible mechanisms. In principle, both maps could be applied to any material subjected to creep condition. Particularly, as aforementioned, 9 . In fact, since early works 10, 11 , it has been established that this class of material presents a complex fracture behavior when subjected to high temperature creep conditions. Indeed, austenitic stainless steels are highly sensitive to thermo-mechanical processing history 10 . Moreover, they may suffer carbide precipitation and undergo phase transformations [11] [12] [13] [14] . Among these, sigma phase transformation is considered one of the main reasons for the deterioration of stainless steels properties 
Experimental Procedure
Two distinct, but of the same AISI type 316 austenitic stainless steels (316 steels for short) were investigated. One Brazilian (SS1), supplied by Villares and the other Swedish (SS2), supplied by Sandvik. The chemical composition and average grain size of these 316 steels are listed in Table 1 .
Both steels were received as hot-rolled bars with 100 mm in diameter. They were solution treated at 1100°C for complete annealed microstructure displaying final grain size around 80 µm. Round specimens for creep test were machined to 6 mm in gage diameter and 28 mm in gage length as per ASTM standard 17 . Creep tests were conducted in a WPM, Germany, equipment inside a furnace with open air chamber. Constant load conditions, corresponding to initial stress in the range of 40 to 350 MPa were imposed to specimens tested at 600, 700 and 800°C until fracture. Metallographic samples were taken from the fracture tips of creep tested specimens and observed by optical microscopy (OM) after polishing until diamond paste and etched with Vilella's reagent. Scanning electron microscopy (SEM) in a model Quanta FEG 250 FEI microscope was used to analyze the fracture tips of the specimens.
Results and Discussion
Typical strain vs. time creep curves for both 316 steels are shown in Fig. 1 . It should be noted the relatively similar creep behavior of both steels at 600 and 700°C up to rupture times less than 2,000 hours. Similarity is also observed for shorter(<500 h) time creep at 800°C. However, for longer time (~ 1,000 h) SS1 steel has a much lower rupture strain (~20%) than SS2 (65%). Parametric interpretation of the strain vs. time curves for both 316 steels revealed a power law relationship between the stress and the steady-state creeporate 5 . The power exponent n was found to change from 5 to 9 with increasing temperature from 600 to 800°C, in association with transgranular fracture. However, for long time SS1 creep tested at 800°C, Fig. 1 , which displays intergranular fracture, the value of n was around 3. In order to associate the creep fracture mechanisms with related fields in an experimental map, it was necessary to identify the corresponding fracture characteristics. According to Ashby et al. 7 the fracture mechanisms of several alloys might be identified by the criteria of: morphological aspects of failure; existence of cavities at the grain boundary; and level of ductility. Following these criteria, the creep fracture of all tested specimens for both steels at 600°C displayed the same general features, shown in Fig. 2 : transgranular failure, Fig. 2a ; existence of wedge cavities at the grain boundaries, Fig. 2b ; and level of moderate ductility given by 25-50% of reduction in area (RA) 18 . At 700°C, as illustrated n Fig. 3 , creep fracture of both 316 steels presented the same characteristics of: transgranular morphology; dimples (micro-cavities); and high ductility, RA = 50 -70% 14 . By contrast, creep tests performed at 800°C displayed different features for each steel. The Swedish SS2 steel displayed at 800°C creep fracture similar to those of both steels at 700°C, Fig. 3 , as well as for short time creep of SS1 at 800°C.In the case of the Brazilian SS1 steel, two situations have to be considered. For all short time creep, conducted at relatively higher stresses, the fracture depicted the following aspects, also found at 700°C: transgranular fracture surface covered with dimples; highly deformed grains with very small amount of grain boundary cavities; and high ductility, RA = 50 -75%
18
. As shown in Fig. 4 , for long time creep test at 800°C, under relatively lower stresses, the following characteristics were uniquely observed in the Brazilian SS1 steel: intergranular fracture, Fig. 4a ; profuse precipitation at the grain boundaries with formation of crack-like cavities, Fig. 4b ; and moderate ductility, with RA ~ 20%.
The dark and elongated aspect of precipitates at the middle of Fig. 4b resembles those of sigma phase reported by Villanueva et al. 15 in 316 steel. However, the relatively short rupture time (~1,000 h) might cast doubt of sigma phase formation, since it generally demands thousands hours in austenitic steels 15 . In fact, the literature indicates sigma phase formation in 316 steels after long-term exposure between 600 and 1,000°C, although its predictability is difficult 12, 14 . On the other hand, sigma phase transformation could be accelerated in the presence of reasonable amounts of Cr, Si and Mo. Using the classic Woodyatt's prediction 19 :
(1) one finds for SS1 N V = 2.78, which is above the transformation threshold value of 2.52. Additionally, thermodynamic evaluation was performed via Thermo-Calc ® software (version 2017a) with TCFE database. Figure 5 shows a step cooling phase mass fraction vs. temperature diagram from Thermo-Calc for the SS1 steel. From this diagram, one could infer that sigma phase is stable, in minor amounts, at 800°C in SS1 steel.
Based on the aspect of the precipitates in Fig. 4b and the diagram in Fig. 5 , one might consider the possibility of sigma phase transformation. In this case, comparatively reduction in both, rupture strain, Fig. 1 , and value of RA (~ 20%) for relatively longer time creep of SS1 at 800°C, could have been influenced by grain boundary precipitation of sigma phase.
A diagram that summarizes these creep fracture characteristics for both 316 steels is schematically presented in Fig. 6 . The reasons for the marked different behavior of SS1 and SS2 at 800°C will be further discussed together with the inconsistency observed between these results and those presented in the model-based fracture map 8 . The predicted fracture characteristics from the Miller and Langdon 8 model-based maps for two grain sizes in Fig. 7 do not correspond to the experimental results shown in Fig. 1  to 4 . In principle, this discrepancy between predicted and experimentally obtained results could be justified in terms of the uncertainties in the values chosen 5 for the parameters of the constitutive equations. However a more fundamental contradiction exists between the model-based maps for type 316 steel 8 and the experimental results. The Miller and Langdon 8 maps in Fig. 7 do not allow for a possible transition, experimentally indicated in Fig. 6, from Step cooling Thermo-Calc-based diagram for SS1 steel.
The sigma phase transformation curve is indicated by the arrow. ductility transgranular fracture to a low ductility intergranular wedge cracking fracture with decreasing temperature and increasing stress. This kind of transition occurred in both SS1 and SS2 316 steels, as experimentally observed in Fig. 1 to 4 for their creep fracture behavior.
As far as experimental maps are concerned, it may be inferred from Ashby et al. 7 that FCC metals and alloys should have fracture maps with the same general characteristics. For instance, if one considers the experimental fracture map for nickel 7 in Fig. 8 , a consistency with the present results can be verified. The boundary line between the wedge cracking and ductile transgranular fields in Fig. 6 permits the transitions in fracture characteristics observed in both steels SS1 and SS2, with stress and temperature. One should note that the temperature axis in Fig. 7 is inverted with respect to that in Fig. 8 .
The evidences from experimental data both in Ashby et al. 7 map, Fig. 8 , and in the results shown in the present paper, indicate that the inclination of the boundary line between the fields of transgranular fracture and wedge cracking fracture must be in a way that the stress will vary reversely with the temperature. By contrast, in Miller and Langdon 8 map, Fig.  7 , this boundary line defines pair of σ and T varying in the same direction.
This inconsistency between the experimental map 7 , Fig. 8 , and the model-based map 8 , Fig. 7 , can be analyzed in terms of the constitutive equations and the behavior of the fracture mechanisms. The model-based map 8 was constructed by assuming that the fracture mechanisms operate independently and that failure occurs by the process, which where σ is the initial tensile stress; G the shear modulus; ε n the nucleation strain; n the coefficient of stress sensitivity; f v the volume fraction of intergranular inclusions; d the grain size; ζ the contribution of grain boundary sliding to the total strain; and the minimum creep rate.
The following constitutive equation for high temperature creep was also considered 5, 8 : (3) where A l is a parameter; D o(l) the lattice diffusivity, and Q l the lattice activation energy.
The boundary line between these two creep fracture mechanisms is found by considering equal values for t f in both Eq. 1 and 2. It may be seen that if one consider the constant values for n, f v , γ, assumed by Miller and Langdon 8 , the stress will depend on the temperature only through the shear modulus, G. In this case σ will vary in the same way as T. However one should expect that n, f v , γ and ζ would also vary with the temperature. Therefore, a reverse dependence between σ and T could well result. Moreover, the assumption that the fracture mechanisms operate independently 8 is an over simplification. In real situation there will be mixed modes of fracture and the damage introduced by one may influence the operation of others. For instance, cavities may continuously be formed throughout the creep process 6, 20 . Boundary sliding leading to cavity nucleation must then be a stochastic process 6 . It is thus conceivable that the formation of wedge cavities may compete with the transgranular mechanisms of fracture and a diffuse transition region might exist rather than the sharp boundaries proposed by Miller and Longdon 8 . Other factors that may affect the fracture of austenitic stainless steels are the grain boundary precipitation of chromium carbides (Cr 23 C 6 ), in the interval from 500 to 800°C 5 , and the possibility of sigma phase tranformation [12] [13] [14] . These are probably reasons for the intergranular fracture observed in steel SS1 at 800°C. It is supposed that specific conditions related to alloy content and microstructure could make grain boundary precipitation, through the nucleation of cavities at the precipitates 21, 22 , the controlling creep fracture mechanism at high temperatures. Diffusion assisted grain boundary precipitation could then be considered an effective creep fracture mechanism in austenitic stainless steels, with a proper field in the fracture maps.
These considerations justify the schematic construction of a model-based map for SS1 316 steel such as the one shown in Fig. 9 . Here, a new field corresponding to a creep fracture mechanism controlled by grain boundary precipitation is presented. This is different from the wedge cracking field in Miller and Langdon map 8 , where the crack is formed following grain boundary shear and stress concentration at triple points or inclusions which already exist in the boundary 7 . Furthermore, in Fig. 9 , the dashed lines delimitate a possible region of fracture controlled by DSA. This phenomenon may occur in 316 steel at 600°C 16 (1.9 T m /T) and deserves to be indicated in a map owing to its special fracture characteristics.
The field of grain boundary precipitation in Fig. 9 should have constitutive equations similar to that of Eq. 3. Diffusion promotes Cr 23 C 6 precipitation at the grain boundaries and a power law dependence of the stress assists the nucleation of cavities at the precipitates. Consequently, a linear boundary relationship between ln σ and 1/T should also be expected between this new field and their neighbors' fields of transgranular fracture and wedge cracking.
For SS2 316 steel, which shows only transgranular fracture and high ductility at 800°C, the corresponding map might be shifted downwards with respect to that of steel SS1 in Fig. 9 , possibly without the field corresponding to carbide or sigma phase precipitation cracking. Obviously, like any austenitic stainless steel, SS2 also undergoes intergranular Cr 23 C 6 precipitation between 500 and 800°C 5 . However, its creep fracture is not apparently controlled by cracking associated with precipitation. Indeed, intergranular fracture is not observed in SS2 steel at 800°C.
Summary and Conclusions
• Two distinct austenitic stainless steels of same AISI type 316, one Brazilian SS1 and the other Swedish SS2, were found to present significant differences in creep fracture, especially at 800°C. • These differences were identified in fracture mechanism maps of Ashby and collaborators as well as Miller and Langdon, both relating normalized stress and homologous temperature.
•
The main creep fracture differences occurred at 800°C, in which SS1 for long time creep, a relevant 
